1946 ARR No. 5410 ;
DEC 23 i ,

f £

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

WARTIME REPORT

ORIGINALLY ISSUED

April 1945 as
Advance Restricted Report 5A10

AN INVESTIGATION OF AIRCRAFT HEATERS
XXI - MEASURED AND PREDICTED PERFORMANCE OF A
FLATTENED-TUBE TYPE CROSSFLOW EXHAUST
GAS AND AIR HEAT EXCHANGER

By L. M. K. Boelter, A. G. Guibert, J. M. Rademacher,
F. E. Romie, V. D. Sanders, and L. J. B. Sloggy
University of California

" 1~. A e 'ﬂ)-v
el

NACA

LANGLEY MEMORIAL AERONAUTICAL.

WASHINGTON LABORATORY
Langley Field, Va. . "

NACA WARTIME REPORTS are reprints of papers originally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

- W-27



3 1176 01354 4581

NACA ABR No, 5Al10

NATIOXAL ADVISORY COMMITTEE FOR ADNRONAUTICS

ADVANCE RESTRICTED REPORT

AN INVESTIGATION OF AIRCRAFT HEATERS
XXI — MEZASURED AND PREDICTED PERFORMANCZ OF A FLATTENED-TUBE
TYPE CROSSFLOW EXHAUST GAS AND AIR HEAT EXCHANGER

By L, M, K, Boelter, A, G, Guibert, J, M, Rademacher,
7, E., Romie, V, D, Sanders, and L, J, B. Sloggy

SUMMARY

Data on the thermal performance and the statlc pressure
drop characterlstics of a "flattened—tube type" crossflow
exhaust gas ard air heat excharger are prcsonted, A full-
crosesflow type alr shroud was used for the tests on thilsg ex—
changor,

The welght rates of exhaust gas which werce used in the
tests varied from 1700 1lb/hr to 4200 1lb/hr and the weight
rates of ventlilating air ranged from 1000 1lb/hr to 4200 1lb/hr,
The inlet temperature oF the axhaust gas was kept at approxi-
mately 1l600° T, Static pressure drop moasurcments were made
across the exhaust gas and ventilating clr sides of the heater
undor isothermal and non—lisothermal conditione,

The measured thermal outpute and statlc pressure drops
are compared with predicted magnitudes,

INTRODUCTION

Investigotion of the porformance characteristics of this
flattoned—tube typo crossflow heat exchangor, deslgned for uso
In tho oxhaust gas stroeams of alrcraft onginos for cabin heat-
ing systems and for wing and $tall surface anti-licing systems,
wag carrled out on the large test stand of the Mechanleal
Engineoring Laboratorias of the Unlversity of Qalifornia,
(Sec doescription of thls test stand in reference 1,)
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The following data wero obtained:

1, Wolght rates of the exhaust gans and ventllating
air through tha respoctive sides of tho heat exchanger

2, Temperaturos of the oxhaust gas and ventlilatlng air
at inlet and outlot of the exchangor

3, Static prossure drops across the exhrust gas and
ventlilating alr sides of the heat exchanger for lsothermal
and non-isothermal coadltioneg p

This investigation, part of a research program conducted
on alrcraft heat exchangers at the Univorsity of California,
was sponsored by and conducted with tho financial assistance
of the Netional Advisory Committee for Aeronautics,

SYMBOLS
& transverse spaclng of tubes 1n benks, measured in
multiples of thae dinmotor of the cylinders
A aroa of hcat transfor, ft2
dog minimum cross~sectlonal area of flow for elther
fluld, ft2
Ap cross—soctional aren of flcw for either fluid

measured within the heater, f£t%2

A, cross~sectlonal arca of flow for either fluld taken
at the 1nlot pressure measuring station, ft2

Ag cross—soctlonal aren of flow for either fluld taken
at the outlet pressuro measuring statlion, ft*

Cp heat capaclty of thoe fluid at constant pressure,
Btu/1lb °F

D hydraulic diameter, ft

fc unit thermal convective conductance (average with
length), Btu/hr f£t2 CF

Toe unit thermal convective conductance for flow of ex—

haust gas over cylinders with a diameter egquivalont
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to that of the circular leading and tralling
edges of the flattened tubes (average for W
rows of eylinders), Btu/hr £t® OF

for unit thermal convective conductance, determlned
from equation (8), for flow of exhaust gas over
flat plete portion of the flattened tubes (average
with length), Btu/hr ft2® OF

fox point unit thernal convectlive conductanco for flow
over flat plates, Btu/hr ft2 °F

(£,4) thormal conductance of eilther f£luid, Btu/hr °F

(foA), thermal conductoncoe of exhaust gas for flow over
rows of cylinders with diamoters equel to that
of the circular leading and tralling edges of
the flattened tubes, Btu/hr oF

(ch)f thermnal conductance of exhanust gas for flow ovor
the flat plate portlon of the flattenod tubes,

Btu/hr OF

Fq tube arrangement modulus for flow of flulds over

. banks of staggered tubes

£ gravitational forco per unit of nmass, 1bf{1b sec®/ft)

@ welght rato of fluld per unit of aren, 1b/hr £t°

G, welght rate of fluld per unit of area, based on
miniuwun areac, 1b/hr £i%

K lsothermal pressura drop factor defined by egquatlon
AP _ ¢ Eﬂf
Y 2

1 length of a duct mensured from the entrance, ft

n ratlo of crosas—~sectlional area of flow before oxpanslon

of tho fluild passage to that after expanslon of the
£luld passage

b1 nuaber of rows 1n a tube bank

q neasured rate of eathalpy change of elther fluld,
Btu/hr or kBtu/hr (kBtu designates kilo Btu,
or 1000 Btu/hr)




NACA ARR Ko, 5A10 4

ty temperature of the tubs wall, °p
Tav arithmetic average mixed—mean absolute temperature
ST T T,+T; o
of elther fluild R
2
Tr arithmetlc average of tube wall absolute temper-
ature and mixed—mean absolute temperature of
fluid, °R
Tigo nixed—mean absolute temperature of either fluild for
the isothermal preseure drop tests, °R
T mixod—moan absoluto temperatura of oither fluid, °R
up mean veloclty of the fluld at the minimum cross—
saectional ares of the fluld passage, ft/sec
TA over—all thermal conductance, Btu/hr °F
W welght rate of elther fluid, 1b/hr
Ro Reynolds number, .
3600w g
x distance along A flat plate meersured from the

polnt of stagnation, ft

X, equivealent flat—-plate disteonce measured along the
circumferenco of ceylindrical loading edge of a
flattened tube from forward polnt of stagnation
to beglinning of flat plate section, ft

x, equivalent flat—plate distance measured along the
periphery of a2 flattened tube from forward polnt
of stagnation to end of flat plato sectlion, ft

Y velght density of fluild, 1b/ft®

AP static prossure drop, 1b/ft®

Apn static pressure drop (heator plus ducts) on elther
side, 1in, H,0

Ame mean temporature dlfference for crossflow of flulde
vhen the exhaust gas 1s mixed and the ventlilating air
is not mixed while passing through the heater, ©OF

n viscosity of elther fluid, 1b sec/ft®
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t {gothormal friction factor definoed by the sgquation
APy go ; l uma .
- .- = N D 2g
¢ friction factor for flow of flulds past tube banks
(defined dy equation (10))
T nixed-mean temperature of elther fluid, op
Py heater effectiveness for crossflow of flulds when

exhoust gas 1s rixed and ventllating alr is not
nixod whille passing through heater. This effec-
tiveness 1s deflined dy equation

Q.a = wa cpa (Tgl gl Tal)ch

Subescripts
a ventilating air silde
¢ convective conductance (f, and so forth) and also

snudden contraction (ic)

cc convectlve ccnductance along a cylinder equivalent to
leading and tralling edges of a flattened tube

cf convoctive conductnnce along flat—plate soction of a
flattened tubde

e sudden expansicn
f fluid property (Tg) and also flat plate [(f,A)p]
£ exhaust gas slde

h, htr heator

R mean values at any section of heater (up)
) maxicun values (Go)

x - crossflow of fluids

av arithnetic average

contr sudden contractlon

ducts ducts on elthor gllde of heat exchanger
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exp sudden expansion
) f?ic ﬁriction
iso isothermal conditions

non—1so noa—lisothernal coanditions

1 point 1, entrance section of heater and also
beginning of flat—-plate section of a flattened
tude

3 point 2, exit sectinn of heater and also end of

flat plate section of a flattenod tube

DESCRIPTION OF HEATER AKD TESTING PROCEDURM

The flattened—tube type crossflow heat exchanger 1s a
unit consgisting of 263 flanttened tubes which ceavey the
ventllating alr, arranged as caords of the circular exhsust
gas passage, The dbundle of stazgered tubes conslsts of 21
rows of flattened tubes, with alternate rows contalning 12
and 13 tubes per row, The tubes, depending upon their chord-
vise location, vary in length from approximately 4 to 8 inches,
the latter belng approxlmately the inside Glameter of the
circular heatar shell, (See the dlagrammatic sketch, fiz, 1,
for the exact dimensions,)

The air shroud used, deslgneted as UC—3 1in this report,
lg deslgned to glve full crossflow characterlistics., Photo—
gradhe of the hcater and shroud are shown in figures 2 to 4,

Heat transfer and statlc pressure drop date for the
exchanger using thls shroud are presented in tadbles I to III,
Plots of these data as functions of the wolght ratos of the
ventilating alr and exhaust gas are presented in figures 5
to 8. .

METHOD OF ANALYSIS

Heat "raonsfer

The thermal output of the exchanger was determined from
the enthalpy change of the ventilating alr:
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G = Wy ey (Ty = Ty) (1)

in vhich cp, was evaluated at the arithmetic average

vontilating air temperature, A plot of Qg egalnet W,

nt constznt valuos of the vuxkaust gas rate (Hg) isa pre-
sonted 1n figure 5, '

For the exhaust gas slde of the heater

2 & °p, ('rgl Tsa) (2)

whore cPg 1s taken ns that of alr at the averago exhaoust

gas tomperature, For the casc of - hont exchanger thermelly
insulatud from 1ts surrouniirgs, U would eogual qg. bo—
canse experlonco has shovn ¢, to be tle mors relirhkle valus,
it is uced in detcrmiaing the ovar--all thermul coandictance TUA,
(Sce squetioun (3),) Tihe heaat balance rutios qg/qa are given
ir table I,

The over-all thermal conductance UA wns ovoluatad from
the eaquatlon:

= (U,[\_) Ame (3)

whero AT . 1s the maan effoctlvo temperature differenco for

crossflow of flulds when tha fluld on the exlheoust gas slie

is pixnd and thet on the ventliating air side is not mlxed
while passing through the heater, Thig tarm 1s shown graphi-
cally 1n figure 31b of referuonce 2 ags oa function of the termi-
nal tomperantures of the exhaust gas and veantilating alr, The
varlation of UA af a functlon of W, at verious values of
WG ig shown in figuro €,

The thernal output of tho exchanger for values of ATp.,
Wa and Wg other than those usod here may be predicted by

determining TUA at the desired welght rates from flgure 6 and
using those magnitudes in oquetion (3)*;

*This method ls an npproximeation becouse it takes into
consldernotlon only the vrriation of TUA wilith the welght rates
of fluld, ths effoct of the difforcnt tcmparntures ¢f the flulds
being nezlected, For a dlscusslon of this eifect, soe n~nrpendilx
A of reifercnce 3,
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Predictions of the over—nll thermal conductance

attemptod, The expression

UA

UA

(4)

RESRe)

The tharmal cocnductances for

equation (46)).

the tubular passages on

the ventllating alr slde and for the tuhe bank on the exhnust

gas 8

ide (ch)a and (ch)G,

followins equntions:

for the ventilating alr consisted of flaltenad tubes,

aro detormined by use of theo

1, YVontilrting ajir gida.— Bacouso the flow passagos

thae

unit thernal conductancoe on the alr side was deternined fron
the cquation fcr turbulent flow in ducts (ses reforence 2,

equant

where

ion (25)):
4 0,3
fon = 5.4 X 107" Tav
unit thermal conductanco for

averngoe absclute temperature

0,8
¢ [1 + 1.1 %] (%)
p°. 3 :

turbulent flow 1n ducts

nf veantllatling alr

w9lght rate of ventilating air per uvnit of cross—

gecticnal area

hydraulic dinneter of flattened tubes

lenzth of flattened tubes

The thercal conductance of the air side is thon

(£,4), =

A

fca

X A

is the area of hoat transfer,
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2.__Exhaugt ges slde.—~ The thernal conductance of the

exhaust gos slde was obtalned by comdinatlon of the thernal
conductance of the circular portions of the flattened tubde
(loading ond trailing surfaces) and the thermal conductanco
of the flattened portlion of the tubes,

where

where

fcx
Ty

(a) The average unit thernal conductance over the

c drical parts of the flattened tubes was
taken as baeing equivalent to that over the
cylinders of a bank of ptaggered tubes (seo
reference 2, equation (29a)), which 1s given
by tho equation:

P
- . | Oea 3 G'o
fcc = 14,6 X 10 FA Tf -5—6—.—-‘-

(6)

average unit thornal conductance for any nuanber of rows

of ecylindcers

tube arrangenent nodulus for banke of staggered tubdes

arithnetic average of absolute tcoperature of tube wall

and of exhaust gas

naxinun welght rate of exhaust gas per unlt of area

outer dinveter of tube (in this case D was taken as

the raxinun width of the flattened tube)

4

cxX

(b) The unit therrnal conductence over the flattened
portion of tho tubes waes found by considering

thla portion of the tube as a flat plate and
neasuring its length from the forward point of
stagnation, The avorage unlt thernal conductance
of thip sectlon was found by use of the squatlion
for the point unit thermal conductance over a
flat plate (see reference 2, equation (19)):

0,06
(uy¥) °
= 0,51 Tfo'a —-—P—-—a—r-‘- 0,61 Tfo
- x ¢

0,8
.3 (G/sio:) (7)

x L]

polnt unit thermal conductance over a flat plate

arithnetic average absolute tenperature of tube wall
and of fluild
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G welght rate of fluld por unit of cross—sectlional area
«ws- x.- -Glatance along flat plate meoasured from leadling edge

To obtaln the average (with length) unit thermal con—
ductancec, equation (7) must be integrated over the length
of the flattened portion of the tubte and tho integral
divided by the longth over which 1t wae taken,

'/QFP‘—‘—‘EB - % —'4

d

l"xl ‘i“————" X3~ xl ——=— -7
el T T e I 8l T LT T 7l i 27 7 772"

Equivalent Plet Plrte
x.
)

f . dx
e

Iz—- xl

fo2z (avarrge with longth) = -

X,
3 . © -
1 /1 (0.51 Tf°' ) (¢/3600)°"° x7°% ax

X.,— X
< 1
xl

3 X
0.51 T¢°" (6/3600)°°° Jf 2
x

x—0.2 gx

n

Xo— X, 1

. o,8 09.8% X
_0.61 T¢°*° (6/3600) z ] 2

X, - X, 0.8

0.3 .8 .
0.51 T ' (6/3600)°" (x3°% - x,°+%)

0.8(x; — x,)
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where x, 1s the peripheral distance from the forward point
of stagnatlion to the beginning of the flattened portion of

. the tube and x_, 1ig that to the end of the flattened portion
of the tubde, - - )

The thermal conductance on the sxhaust gas side of the

tubes 1s the sum of both that over the cylindrical portion
and that of the flatterned portion of the tubes and therefore:

(£oh)g = (£58)q + (£44)¢ (9)

where the first term on the rlght—-hand side of the equation
is the thermal conductance of the cylindrical portion of the
tubes and the second term 1s the thermal conductance of the
flattened portion of the tubde,

The over—~all thermal conductance of the hsater 1s then
obtalined from the equation:
UA L (4)

= ) Gax) (“Il o,

Samplo Calculatlons

(Based on run 24, tadble I)

L
]

1430 1b/hr

108° 7

-3
[+

-
H

=
1

3240 1b/hr

-+
n

1590° ¥

Pogtulate: Outlet ventilating alr temporature, T, = g00° ¥

Outlat exhaust gas temperature, Tgau 1300° F

therefore, T, (av) & 450° ¥, Tg (av) = 1450° ¥
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l, Thermal conductance on exhaust gas side:

Considering the thermal conductance of the cylindrical
pértion of flattened tubes and that of the flat portion of
these tubes, then the thermal conductance of tho exhaust gas
slde is given by the equation

(£08) = (2ch), + (£ch),

Evaluate the average thermnl conductance over the
cylindrical portion: .

0,43 G°°’°

- 4
f,o = 4.5 x 100% F Ty " (6)
D
Fa tube arrangement modulus = 1,55
(see table II of reference 2)
Te (assuming thermal conductances cn tho two sides of

the heat exchangor to be approximantoly equal)®

+ T.(av) 450+ 1450
P" 4 460] °R = [ + 1450]x3 + 460
L 2 2 2

950 + 1450

- + 460 = 1660° R

o, 43
Te

(1660)°° %% = 24,2

*This assumption is not valid as seen from the calcula-
tions of tho thermal conductances, dut if these thermal con—
ductances cre used to obtain a better approximetion of ¢,
tho wall temperature, it is found that en error of about 10
percent in the values of Ts was obtained iIn the previous
calculations, However, since Ty enters into the equation
for the unlt thermal conductance only to the 0,43 power, the
error committed using the first approximation was actually
only about 4 percent,
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Go welght rate per unit area

- Wg 3240

= 16,700 1b/nr £t°
Aog O,1945

G,

0,86

Gq = 343

(The area Agg 18 the minimum crose—sectional area of
flow in the tube bank, measured along the diagonals in
thie case,) (See fig, 1,)

Outer dlameter of equivalent cylinder

D = Qﬁifﬁ = 0,0167 ft

D°.% = 0,189

foo = 14,5X 10°% X 1,55 X 24,2 x —223_ - 9g g Btu/hr £t OF
189

(fo4)e = (98.€6 X 7,20) = 709 Btu/hr °F

Evalunte the average thermal conductance over the flat
plate portlon:

0.51 T£°°® (6/3600)°°°
008 (13— 11)

(xBO-B-x1°.i>= (0-0539)°'q"(°'°123)°.i}= 0,0665_ 3 go

fof = (x3%°% - x,°%) (8)

X,— X, 0.0539 — 0,0123 0, 0416
0,561X 1,60 0,3 0.8 _ 0,3 e 0,8
for o Tp (6¢/3600) 1,02 Ty (3336>
= 22028 0.3 (008 3 4g x 107 x1,%°° °°°

700

T, = 1660° R

3
7.%+3 = (1660)°*" = 9.25




NACA ABRR FNo, 5A10 14

o
Weight rate per unit area 0 =—8& =3220 - 33 900 1b/hr £t

Acg 0,233
(A;q cvaluated 1in ths flat plate section of the tube
rovws)
6°* % = 2080

f,¢ = 1.46 X 10°°x 9,25 x 2080 = 28,0 Btu/br £t? °F
(£,4)¢ = (28.0X 12,2) = 341 Btu/hr °F
Thermnl conductance on exhnust gas slde 1s then
(fgd)g = (£,A) o+ (£ ,A)p =709+ 341= 1050 Btu/br °F (9)
(723)
T A
c"/g

2. Thermal conductance on ventllatlng air slde:

0, 000953

- ‘ O.S GO.S D
T = 5.4 X 1074 m, 007 oo [1 + 1,1 T] (5)

Tov (Arithmetlc mean absoluto temperaturo of the
ventilating alr) = (454 + 460) = 914° R

Tay ~ = 7.72
Welght rat 1t g oo o 1320 0 1b/nr £t
elg rate per un area = Acs= 0" 148 - 986 r
6% % = (9860)°* ® = 1570
4 A 4%0, 145
Hydraulic 41 ter D= 1 e = 0,0188 f%
A © emete Wetted perimeter= 31,0 Dl
p° % = 0,451

(} + 1.1 %) = 1,04
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= 1570 0,0188
=BF.4% x ., Lo +1,1x%—eo=S8
foa= 5.4 X 1074 x 7,72 % 52200 [1 1.1x 5228 ]

= 15,1 Btu/hr £t2® OF

0

(£o4), = (15,1 x17,3) = 260 Btu/hr "F

-1 _
(£,4),"* = 0.00384

3. _0ver—pnll thermsl condugtance:

1 1

A- = 1 = .
1 1\ 0.00384+ 0,00095 0.00479
¥a) " \FE)
a &g

= 211 Btu/hr °F

U

Check tho outlet temperaturass postuleted,

qg= ’ucpa( Tgl— Tﬂ'l )cpx = Wucpa( Taa- Ta'l) = wgcpg( Tgl - Tga)

Tay ™~ TB'J. = (TE:.— Ta:.) Pxe Taa= (TGJ.— Ta:.) Fx * T“J.
WalCrn n (T, — T ) ¥.c
T 1 =-8%aiTe T ey ' - __ia. pa.(_r "Ta Yo
c x
&, &3 ¥ e €3 g3 2%pe €1 1

Evaluate ¢ from flgure 34 of reforence 2,
¢ = 0,422
Ta, = (1480) 0,422 + 108 = 733° F

Tgg = 1590 1430X 0,842 (1,50)x 0,422 = 1590~ 240= 1350° ¥
3340 X 0, 276
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The check temperatures are close to the values postu—
lated: 800° F for the ventilating air and 1300° ¥
for the exhaust gas, If a much closer predliction of
UA 1is deslred, one can use these corrected tempera—-
tures to obtaln new values of the unit thermal con-
ductances and, consequently, of the over—all thermal
conductance TUA, Carrying out thls procedure, hovever,
changos UA Dby only 1 percent; the corrected value of
UA being 209 Btu/hr OF,

Isothermal Pressure Drop

The lsothermanl pressuro drop on the gas side of the
haater was postulated to be that over rows of cyllindrical
tudbe banks, Each flattened tube was consldoered as an
equlvalent cylinder with A diameter ldentlcol to that of
the circular loading sectlon of the flattemed tube, The
pressure drop through these rows of tubes 1s based upon
the relation (see reference 4)

(6,/3600)°

AP = 4QU'N
2 Y

(10)

wvhare
AP pressure drop
¢! friction factor for flow of flulds pnst tube banks
G maximun welght rate of fluld per unit arean
N numnber of rows 1n direction of flow

gravitatlional force per unit of mass

volght denslty of £luid

The friction factor (! 1is defined by the equation
(ses reference 5, equation (6)):

L = [o.as + -TELllﬁ—-] Re °°1° (11)
(a—1)2-0°®

whore a 1is the center—to—center spacing of the tubes in

any one row, in terms of the tube diameter (center—to-center
distance of adjnoent tubes 1s equal to aD, D Dbeing the
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diameter), and Re 1is the Reynolds number based on the
maximum weight rate of fluid per wynit cross—sectlional area
G, ond on the .outsido-diameter of the tubes,K D, TFor the
flattened tube, the outside dlameter D 1s taken as that
of the cylindrioal leading edge of the tubes,

The results obtained with these flattened tubes were
compared with those of Joyner and Palmer (reference 9) on
the pressure drop across banks of elliptical tubes, The
results of those tests indicated a much lower pressure drop
than that through the bank of flattened tubes, The differ-
ence 1s due, partially, to the fasct that the banks tested
by Joyner and Palmer were designed to give an approxlmately
constant cross—sectional earea of flow}; whereas the flattened
tube bank had a small gap between t he rows of staggered tubes,
A rough estimate of the pressure drop across the flattened—
tube bank could be made by congidering the pressure drop due
to expanslon and contraction between each row of tubes.

A trial caloulation showed that the pressure drop due
to skin friction over tho flat portlion of the flattened tubes
was small compared to the preesure drop due to drag across
the cylindrical leading and tralling edges of the tubes,
Thie contribution to the statlc pressure drop was, therefore,
not included in the predicted values,

The results of the measurement and the prediction of
the pressure drop on the exhaust gas slde of the heater are
glven in table II and figure 8.

The igothermal pressure drop on the gir gide of the
heater was obtalned from the measured igothermal pressure
drop across both heater and ducts by sudbtracting the meas—
ured pressure drop aoross the ducts alone

APpyy = APgao = 8Payucts (12)

The value of APs,..g 8abt any woight rate is obtained from a
curve based on oxperimentally determined points,

The predictions of the isothermal pressure drop on the
alr slde of the heater are based upon the postulation of the
following asystem; (1) A sudden contraction as the air leaves
the ducts of the shroud and enters the heater passages, (2)

a frictional pressure drop as the alr flows through the pas—
sages of a uniform mean length 1, and (3) a sudden expansion
as the air leaves the hegter passages and enters the outlet
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duct of the shroud, The equations which form the basis of
the prediction are:

(1) Sudden contraction

P
APcontr . g Pm~ (13)
v ¢ 2¢

where uy 1s the mecan velocity within the pasgpges (K, based

on the volocity in the emeller area) and K, 1is a "head loss"
coefficlent obtalned from reference 6 or 7.

(2) Friction loss

APific = ¢ % %23 (14)
where
¢ friction factor (obtained from refercnce 6 or 7)
1 moean length
D hydraulic dilamnter of tao passage

Upm mean veloclty withln the passages

(3) Sudden expansion

H
AP u
Y 3g

where u, 1s the meen velocity within the passages and Kg

18 a head loes coefficlent defined by Kg = (1l-m)®, where
m 1s the ratlo of the cross—sectional arca before expansion
to that after expansion, (See reference 6 or 7.)

The over—all static pressure drop across the alr side of
the heater is then the sum of these torms:

APn¢r _ APcontr + APpric  APexp
Y Y Y Y

(16)
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The measured and predicted valueg of the lsothermnol statlc
pressure drop on the ventllating alr slds of the heat ex—
changer are glven 1n table II ond are. plotted 1n flgure 7,
The velues plotted are those of APgso' the sum of AP}

htr
and, APgucte: the curve deslgnated as the predicted 1so—

thermnl pressure drop being a plot of velues of AP!

. htr
(pred,) plus A&P!

ducte (nees,).

Non—-Isothermal Preassure Drop

The non—isothermal statlc pressure drop across the air
and gas pldes of the heat exchanger was predicted from the
isothermal measurements by means of equation (54), refer—
ence 2:

T 1.13
AP = AP S
non—1igo 1so0

Tigo
8 a z
A T. /A
+ (@) e (G ) 29 v
3600 2aY, Ay Ay T, \a,
where
APiso peasured over—all isothsrmal statlec pressure drop at

temperature Tis50

?y,, T, mixed-mean abpolute temperatures of fluld at inlet
and outlet of the heater, respectively

arithmetlc average of T, and T,

av

w fluid welght rate

¥, welgzht density evaluated at temperature T, of fluid
at inlet to Leatoer

Ah cross—sectional area of flow within heater

A crose—sectional area at inlot pressure measuring
station

Ay cross—s8ectlonal area of flow at outlet pressure

measuring station
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A comparigon of measured and predicted non—lsothermal
pressure drope acroee each side of the heater 1s presented
in table III and is shown graphically in figures 7 and 8,

DISCUSSION

The results of ths tests on thlg flattened tube-type
crossflow heat exchangsr are shown graphlcally in flgures
5 to 8. These graphs are bagsed on data presented in tables
I to III.

Heat Tranefer

Although some experimental work has been done on flow
of fluides over banks of astaggered tubes wlth shapes other
than cylindrlcal (references 8 and 9), little has been done
in the way of the establiphment of definitive relatlons
betweon such varlables as spacing, tube dimensione, and
welght rates of fluld, 7For this reason, the thermal per—
formance of thls heatar was analyzed in the manner pre—
vioualy described,

The method of prediction yilalded rosults which are,
on the average, within 8 percent of the experimontally de—
termined values, The Blope of the experimentally determined
values of the over—all thormal conductance UA, when plotted
as a function of the ventllating air rate, 1s less than that
of the predicted valuee and the deviation between measured
and predlcted valuee lncreases at the lower ventllating air
rates. Inspectlon of the prediction equatlions for the unit
thermal conductance reveals that the unit thermal conductance
for flow over flat platees and for flow through ducts varies
ap the 0,8 power of the fluld weight rate and for flow over
banks of oylinders varleg as the 0,6 powsr of ventilating
alr rate, This analysis 1s only an approximatlon, because
in the actual case the thermal conductance at the rear of
the flattened tube will not be the same as that at the rear
of a rlght clrcular cylinder of the same diameter as the
tralling edge of the tude, nor will the unit thermal conduct—
ance at the beginnling of the flattened portlion of the tube be
the same as that over a flat plate at 5 dlstance correspond—
ing to that from the front stagnation polnt of the cyllnder,
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Isothermal Statlc Pressure Drop

" The predicted isothermal static pressure drop was
within 20 percent of the measured value on the ventilating
air side of the heater end was within 256 percent, on the
average, of the measured values on the exhaust gas slde of
the heater, The magnitudo of the predictlion of the exhaust
gas slde 1pothermal pressure drop 1ndicates that nee of the
equation for tho pressure drop across banks of circular
tubes 1s adequato for predictlon of the pressure arop across
banke of flattenoed tubee,

The valuo of the "duct lose" obtalned expcorimentally
by measuring tha pressure drop across the ducts alone 1s only
on approximatlon to the value of the duct loss whlch must be
subtracted from the lsothermal pressure drop in order to ob-
tain the pressure drop across the alr side of the heater
nlone, This 18 gubstantlated by the fact thaot the pressure
drops across the heator alone obtulned in tkis manner are
nbout 30 percont higher than experimental data glven in
referenca 10 and aleo by the fact that in the precent report
the predictions of the pressure drop across the nir side of
the heater alone are within about 10 percont of theo data 1in
reference 10,

A hogd 1lose coefficlont X was determined Irom the
over—-all isothormal pressurc drop according to tho equetlon:

AP u
S2htr o g Ym (18)
Y 2g

The values of X obtalned were approximately 3,0 on the
ventllating aiv glde and about 5,2 on the exhaust gas slde,
(On the exhcust gas sido of the heater APp4r = APjgqo e&ilnce

there are no contracting or expanding sectlons in the systenm,
cxclusive of the heater sectlon 1tself,) OComparison of these
values with hond—loss coefficlents for otheor heaters (see
previors reports of the series) will reveal that these values
are of tho usual magnitude on the alr side, but the values

on the gas slde are much higher, Thie 1is due to the expansions
and contractlouns which occur 1in the tube banks of tho oxhaust
gns slde of this hoeater,

Non-Isnthormal Staetlic Prossure Drop

The predictlon of the non-isothermal static pressure drop
from the isothermel preesure drop, by means of equation (17),
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(reference 2, equation (54)), was, on the average, within
16 percent of the measurced values on the ventllating alr
side, and was, on the average, withlin 21 percent of the
measured values on the exhaust ges slde,

The difference between the slopes of the predicted and
measured pressure drop curves on the ventllating alr side
can be explalned by the fact that the unse of an arithmetic
mean temperature 1n the firet term on the right hand side
of equation (17) 1s an approximation which 1g less valid at
lower welght rates when the difference between the fluid
temperatures at inlet and outlet 1s greatest,

As explained 1in reference 2, the non-igpthermal static
pressure drop 1lncludees leosses due to the acceleratlion of the
fluld (second term on the right—-hand side of equation (17)).
These losses are of thormal orlgin and hence cannot be re-—
covered by mechanlcal means, Such losses can only be re—
covered by cooling the heated ventilating alr (or heating
the cooled vxhaust gases, as the case may be), Such a process
vould defeat the purposes of a cabln heater, dbut occurs 1in
the operation of thermal anti—1lcers for alrplane wings,

CONCLUSIONS

l, Tho over—-all thermal conductance for a flattened-
tube type crossflow heat exchanger was estimated, on the
average, within 8 percent of the oxperimentally determined
values,

2, The 1sothermal static prcssure drop was estimated,
onr the average, within 15 percent of the measured values on
the ventilating alr silde and within 25 percent of the meas—
ured veluss on the exhaust gas slde,

3., Predlictions of the non—1sothermal statlec pressure
drops from the 1lsothermal statlc pressure drops were within
16 percent of the measured values on the ventllating alr silde
and within 21 percent of the nmeasured values on the exhaust
gas slde,

University of California,
Berkoley, Cealif,, July 1944,
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TABLE I-EXPERIMENTAL RESULTS ON FLATTENED-TUBE HEATER |
USING UC-3 SHROUD

AIR SIDI_E GAS SIDE OVER-ALL PERF.
Ry |Ta | Ta| 80, | e (AR’ | % | Zp, | 2, | 22, | Wy | 2| & A Almx A
Mo, | F | F| 7 | |85 || F | 7 | 7 |up | 22| * | £
7 02| 872 7/0 | 7000 | L&Y | 772 | /573 | 1222 | 387 | /690 | Z3d | 167 | M oo | 79/
78 | 108 | 6/9 | 5/5 | /740 | 402 | B77 | /543 | /6 | I8 | /700 | T 24| /183 QL4 Y | 228
79 | 704 | 508 | 404 | 2660 | T6L | 260 (/53¢ | 1066 | 468 | /00 | XOL | 276 | 2S5 gr0 | 268
23 | 70 | 905 807 | 7000 | 207 | /194 | 1591 | /1387 | 210 |I240| 136 | /28 | O97 gzs | 270
24 | /08 | 795| 687 | /IO | IIL | PIE | /1594 | /Fe4L | 230 | IO /36 | 206 | 07 000 | 238
E5 | 106 | /5| 317 | 26400\ &20 | 326 | /599 | 1200 | Foo |TPMO | /X | L7 | QLT /060 | Jo&
L6 | 107 | 675 S68 | £280| 6.68 | F/6 | /582 | /I29 | £53 | 160 | XXZ2 | 290 |asE 7040 | Joz
27 | 705 594 £89 |Irr0 | 728 | I76 | /1582 | 129w | 285 | S/90 | 23/ | F2S |87 /070 | IS/
28 | 705 | 541 | £36 | gr60 | 765 | £33 | /15RP | 1248\ FI0 | M| 228 |\ FELE |as7 /080 | £/

OTIVS "OX HYV YOVYX

e
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TABLE II
ISOTHEEMAL STATIO PEESSURE DROP DATA
Flattened~Tube Bank Crossflow Heat Exchanger
Y- o AP;“ = APgncta & AP;:tr AP;ztr - Re
. (meas.) (meas.) (pred.)
(1v/br) | (1v/br £t~ ){(in. Hg0) (in. Ez0) (in. E50){(in. Eg0)
Alr Side
1500 | 20,300 1.%5 0.35 | 1.10 0.83 |3.2 | Pu,180
3000 20,700 5.50 1.30 4,20 3.12 | 3.0 8,380
6000 41,300 20.2 4.70 | 15.5 1.7 |2.8 | 16,700
Ges Side
2000 10,300 1.60 0.0 1.60 2.15 |4%.6 |%2,000
3500 18,000 5.00 0.0 5.00 6.20 |4.7 | 73,000
6000 30,800 15.0 0.0 15.0 16.6 4.8 |126,009
a
BF Qefinod by BT _ g im

)
Reynolds number based on hydraulic diamoter of a flattened tube Dy.

CReynolds number dased on the diameter of a cylinder equivalemt to
the leading and trailing edge flattened tube.

NOTE.~ In figures 7 and 8, the curves labeled "predicted isothermal
pressure drop" are obtained by plotting the sum of the APfyct (meas.)

end AP}, . (pred.) (columns 4 and 5 in thie table).
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TABLE I1II
NOK-ISOTHERMAL STATIC PRESSURE DROP DATA
Flattened-Tudbe Bank Orossflow Heat Exchanger
APY APe®

2 ¥ I I3 Tav AP!so non-iso non—1isg
un . o o (meaa.; (pred,

(1v/nr) | ("R) | ("R) | ("R) |(in, EHZO){ (1n, B;0) |(in, HO

Exhaust Gas Side
18 1700 2003 | 1608 | 1805 1,15 3.24 4,10
256 3270 2069 | 1759 | 1909 4,37 13.4 16,9
28 4100 2042 | 1769 | 1900 6,90 22,8 26,5
Ventilating Alr Side

24 1430 568 | 1265 912 1,30 3.32 3,08
26 2280 667 | 1136 851 3.35 6,68 6,94
27 3170 565 | 1054 809 6.10 10,8 12,1

8predicted values are bdased on equation (17):

1¢13
AP = AP Eﬁ!_
non-1isgo lso
iso

( )
+
3600 25?1Ah3

[ v )3 - G e )] an
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Figure 3.- Photograph of

the flattened-
tube crossflow type heat
exchanger.

Figs. 3,3,4

Figure 3.~ Photograph of

the flattened-
tube crossflow type heat
exchanger.

Figure 4.- Photograph
of the
flattened-tube cross-
flow type heat exchan-
ger and the UC-3 ven-
tilating-alr shroud.
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Figure 6.~ Overall conductance of a flattened-tube type heat exchanger,
using UC~3 shroud, as a function of the ventilating air rate.
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